Background
During embryogenesis in Drosophila, segmentation and patterning activities give rise to distinct but homologous head, gnathal, trunk (three thoracic and eight abdominal) and tail segments. In the larvae, the head parts lie inside the trunk, which is made up of repeating denticled and naked cuticular parts.
Two classes of genes determine differences in the epidermis in each segment, the homeotic (Hox) and segmentpolarity genes [1, 2] . Hox genes, which encode homeodomain-containing transcription factors, determine intersegmental differences of identity (for example, thorax versus abdomen identity [1] ). The segment-polarity genes, which encode a diverse group of proteins that include transcription factors and components of the Hedgehog [3] and Wingless (Wg) signal transduction pathways [4] [5] [6] , are required for intrasegmental patterning [7] [8] [9] [10] [11] [12] [13] [14] .
The wg gene and its vertebrate analogues, the Wnt genes, encode secreted glycoproteins [4] [5] [6] 15, 16] . A conserved signal transduction pathway [4, 5, 15, 16] transmits the signal promoted by Wg following its secretion. At the end of this pathway, two proteins are responsible for Wg output: Armadillo (Arm; similar to vertebrate β-catenin [5, [15] [16] [17] [18] [19] ), and the Drosophila T-cell factor (dTcf), which is also known as Pangolin and is analogous to the vertebrate T-cell factor (Tcf) or lymphocyte enhancer factor-1 (Lef-1) [20] [21] [22] [23] [24] -members of the family of high mobility group (HMG) DNA-binding proteins required for DNA architecture and gene regulation. Both Arm and dTcf seem to be crucial for the transmission of all known Wg signalling events. Two pools of Arm exist within cells: one at the cell membrane that is required for cell adhesion [25] , and which is independent of the Wg signal, and a cytoplasmic pool for transmission of the Wg signal [18, 19, 26] . In the absence of Wg, cytoplasmic Arm is degraded, thereby blocking the transmission of the Wg signal. In Wg-receiving cells, intracellular Arm is stabilised and associates with dTcf. The Arm-dTcf complex is transported to the nucleus, where it is thought to regulate the transcription of genes required for cellular patterning [21, 22] . In Drosophila, wg mRNA is detected from the blastoderm stage and soon resolves into stripes of expression in homologous regions of each segment [6, 7, 9, 11, 12] . In the absence of Wg signalling, all surviving cells of the larval trunk adopt anterior cell fates (secreting only denticles in the trunk segments [9, 11, 12] ) whereas constitutive activity of Wg has the opposite phenotype with all cells adopting posterior (naked) identities [10, 26] .
During embryogenesis, the competence of Wg for gene regulation [11, 13, 14, 27] changes with time and place. For example, before 6 hours of development (in stages 7-10 of embryogenesis; the cell-stabilisation phase), Wg maintains the transcription of engrailed (en) in the trunk segments, and wg transcription is dependent on the signal provided by the Hedgehog pathway [9, 11, 13, 14] . Later (after stage 10; the cell-specification phase), en transcription becomes independent of Wg, whereas Wg seems to be essential to maintain its own transcription [11, 12, 28] . As development proceeds, Wg signalling seems to activate different transcription factors at specific times and in distinct cell contexts and is required to autoactivate transcription of the wg gene. Additionally, other signalling pathways synergise with that of Wg in certain cell groups to regulate particular sets of target genes [29, 30] .
A small set of genes in Drosophila have mutant phenotypes that resemble those of the Hox and segment-polarity genes [31] [32] [33] . For example, teashirt (tsh), which encodes a zinc finger protein, is initially expressed in cells that are destined to become the thorax and first abdominal segment; during gastrulation and later stages, expression is detected in all trunk segments [34, 35] . Loss of tsh function results in replacement of prothorax identity with labial (gnathal) identity; tsh also has a function in common with specific Hox genes in the specification of identities of the more posterior trunk segments [32] . Ectopic expression of Tsh [36] , or certain Hox proteins [37] , suppresses head identity and promotes in its place trunk identity. In posterior trunk segments, such as abdominal segments, tsh mutations affect segment polarity without any effect on segment identity because of the activity of specific Hox genes [32] . Here, we explore the function of Tsh with respect to Wg patterning activity in the embryonic trunk. Our results show that Tsh mediates trunk-specific Wg signalling activity by binding to Arm in the developing embryo.
Results

Mutations in tsh produce similar phenotypes to those of arm and wg
In the thorax and abdomen (or trunk) of the first instar larva, segmentation is especially obvious on the ventral side, where bands of cells secreting denticles alternate with strips of naked cuticle (Figure 1a ,b; [2] ). Loss of wg results in larvae with smaller segments covered with denticles and with no naked cuticle [7] [8] [9] 11, 12] , a phenotype similar to hypomorphic loss-of-function mutations in arm (Figure 1c ; [18] ). Loss of tsh function affects the identity of the prothorax, which is replaced by labial identity, but segment identity is not affected in the posterior thorax or in the eight abdominal segments [32] . The size of the posterior segments in the ventral epidermis is reduced in the trunk in tsh-null mutants compared with wild-type larvae. In tsh-null larvae, abnormal denticle belts with smaller naked regions in-between differentiate (Figure 1d) , showing that tsh is required for patterning of both the naked and the denticled regions. Notably, denticles differentiate in the naked cuticular regions, especially in the ventral midline, of tsh-null larvae ( Figure 1d) ; this phenotype resembles that which arises from late loss-of-Wg signalling in the cell-specification phase [11, 14] .
We have examined the effects of ectopic Tsh expression during embryogenesis using the Gal4-upstream activator sequence (UAS) system [38] . Expression of a transgene (UAS-Tsh), which encodes Tsh coupled to the UAS, under the control of the 69B-Gal4 driver resulted in a continuous and ubiquitous supply of Tsh in the epidermis that was detectable from stage 9 until the end of embryogenesis. High levels of Tsh resulted in replacement of the head with the trunk, as has been described 894 Current Biology, Vol 8 No 16
Figure 1
Comparison of gain-of-function and loss-of-function phenotypes of tsh and arm. (a) Low and (b) high magnification views of wild-type (wt) first instar larvae showing the ventral, alternating, denticled and naked cuticular regions. (c) An arm XM19 zygote (lateral ventral view) from a homozygous arm XM19 germ-line clone (GLC); note that all naked cuticle has been replaced by denticles. (d) A tsh 8 -null larva -ventral view; same magnification as in (b) and (c) -in which both denticled and naked regions are affected. Note the presence of denticles in the naked region of the ventral midline (arrow) and reduced size of segments. Ectopic expression of (e,g) ArmS10c or (f,h) Tsh, under 69B-Gal4 control at 29°C, resulted in naked cuticle with almost no ventral denticles (magnification in (e,f) is slightly higher than that in (a); (g) and (h) are higher-magnification views of (e) and (f), respectively). A large prothoracic beard (arrow) is clearly seen in (e,g) but is barely visible in (f,h). Note that in (f,h), the head segments (arrowheads), identified by the absence of the cephalopharyngeal structures, have trunk identity.
Current Biology before [36] , but denticles were missing in the segments which had trunk identity; this effect was completely penetrant when embryos were raised at 29°C (Figure 1f ). This phenotype resembles that produced by ubiquitous Wg signalling (Figure 1e ; [10, 26] ). Closer comparison of the cuticle phenotypes induced by ectopic Wg or a truncated form of Arm that is stabilised and cytoplasmic (ArmS10c; Figures 1e,2) and Tsh show that the proteins have different effects in the prothorax. Whereas ectopic Wg signalling produces a large beard in the first thoracic segment, high levels of Tsh do not (arrows; Figure 1e -h).
It is known that for the production of the naked cuticle phenotype, Wg must be produced exogenously between stages 8-11 [10] . We have repeated this experiment and confirmed these results by expressing UAS-Wg ubiquitously under the control of a Gal4 driver that was coupled to the heat shock promoter (HS-Gal4; Figure 2 ). Overexpression of Tsh and stabilised Arm (UAS-ArmS10c [26] ) also produced the naked cuticle phenotype in the same time window, although there appeared to be a slight lag following expression of ArmS10c and Tsh compared with Wg ( Figure 2 ). The induction of naked cuticle was equally strong following production of Wg, ArmS10c and Tsh in these experiments (Figure 2 ). We conclude that there is a temporal correlation between high levels of Tsh protein and stabilised, cytoplasmic Arm with the production of naked cuticle. Mutations in tsh therefore resemble those of the Wg signalling cascade, but Tsh has an independent homeotic function.
The Wg target gene wg but not en requires Tsh function
Regulation and function of the wg gene changes with time and cell context. Transcription of the wg gene depends initially on regulation from the pair-rule genes, and then is maintained differently during the early (cellstabilisation) and late (cell-specification) phases of embryogenesis [8, 14] . During the cell-stabilisation phase (stages 7-10), Wg ensures the regulation of the target gene en but thereafter, during the cell-specification phase (stage 10 onwards), Wg is required to maintain wg but not en transcription [11, 12, 14, 28] . We examined both the expression of En protein (Figure 3a The en and wg gene products are detected from the blastoderm stage and resolve rapidly into stripes of cells in distinct but homologous parts of each segment of the head and trunk [6, 8, 9, [11] [12] [13] . Alterations were detected for wg but not for En expression in tsh mutations. Loss of tsh function resulted in a wild-type pattern of striped wg mRNA distribution up until stage 10 [6, 9] ; thereafter wg mRNA was detected weakly compared with the wild type, and then disappeared in stages 12-13 in part of the ventral wg stripe in each trunk segment (arrow; Figure 3e ), partially mimicking the regulation of wg in the labial segment (arrowheads; Figure 3d ) where Tsh is absent [34, 35] .
Following ectopic Tsh expression (Figure 1f) , wg mRNA was detected in more cells compared with the wild type, from stage 11 onwards; ventrally, wg continued to occupy two rows of cells (in the wild type, a single row of cells expresses wg at this stage) whereas, dorsally, ectopic wg stripes were detected (D; Figure 3f ). In the labial and maxillary segments, when wg mRNA expression is normally no longer detected ventrally in stage 11 embryos (arrowheads; Figure 3d ), wg is maintained (as in the wild-type trunk) following ectopic expression of Tsh (Figure 3f ), accounting for the head to trunk homeosis ( Figure 1f ; [36] ). We conclude that Tsh, like Wg [11] , is required for the maintenance of wg expression after stage 10 in the ventral part of each trunk segment. Earlier Wg, but not Tsh, is required to maintain en. These observations account for the weak wg-like phenotype observed in tsh-null mutations (Figure 1d ), as the phenotype following loss of wg after the stage required for en regulation resembles that of tsh. We conclude that Tsh regulates only a subset of Wg target genes in the trunk.
Tsh acts downstream of Arm during embryogenesis in a dose-dependent manner
The fact that Wg and Tsh have similar functions (Figures 1,2,3 ) raises the possibility that Tsh contributes to the Wg signalling pathway in the trunk region of embryos. To test this hypothesis, and to uncover where Tsh acts in this pathway, we removed tsh activity and ubiquitously expressed ArmS10c, which constitutively transduces the Wg Research Paper Teashirt modulation of Wingless signalling Gallet et al. 895
Figure 2
Timing of heat-shock-induced expression of ArmS10c, Wg and Tsh required for the production of naked cuticle. The sensitive period spans stages 8-11 with a peak during stages 9-10. The numbers above each bar indicate the number of larvae scored. signal [26] . In control embryos, a continuous and ubiquitous supply of ArmS10c, under 69B-Gal4 control at 29°C, resulted in a fully penetrant naked cuticle phenotype in larvae ( Figure 1e ). Under the same conditions, in tsh/+ larvae, ArmS10c also induced naked cuticle but denticles were always formed laterally ( Figure 4a ). In tsh homozygotes, the naked cuticle phenotype induced by ArmS10c was suppressed even more, producing larvae that were almost indistinguishable from the tsh-null phenotype (compare Figures 1d and 4b ). Thus, in the absence of Tsh, ArmS10c activity is partially blocked and cannot cause a complete Wg response in vivo. We infer from these results that there is, within the trunk, a specific dose-dependent requirement for Tsh in the transduction of the Wg signal and that Tsh lies downstream of Arm. The dose dependence of tsh in mediating the naked cuticle choice induced by ArmS10c is consistent with the idea that high levels of Tsh are critical for and downstream of Arm patterning activity in the trunk.
Tsh requires Arm and acts downstream of Wg in mediating the naked cell-fate choice
In a second epistasis test, we eliminated or reduced Wg signalling activity in embryos mutant for arm XM19 , dTcf 3 or wg CX4 and expressed Tsh ubiquitously under 69B-Gal4 control. Under these conditions, the lawn of denticles (typical of these mutations of the Wg cascade) was replaced by naked cuticle in the absence of wg (Figure 4c) 896 Current Biology, Vol 8 No 16
Figure 4
Epistasis experiments between tsh and Wg signalling mutations. Ectopic expression of ArmS10c, under 69B-Gal4 control in (a) tsh 8 /+ or (b) tsh 8 /tsh 8 larvae. In (a), denticles differentiated laterally (arrowheads), compared with larvae that had two copies of the tsh + gene, and in which ventral cuticle was totally naked ( Figure 1e) ; the arrow indicates the large prothoracic beard. In (b), note that, apart from the ventral midline (arrows) where naked cuticle was observed in some segments as well as the ectopic denticles in-between the denticle belts, the larva is indistinguishable from a tsh 8 homozygote (Figure 1d ). Tsh expression, under the control of the ubiquitous epidermal 69B-Gal4 driver, suppressed denticled cuticle in (c) a wg CX4 homozygote but incompletely in (d) an arm XM19 zygote derived from a homozygous germ-line clone (GLC; compare with the arm -embryo in Figure 1c ). and zygotic dTcf (data not shown). However, in the absence of zygotic Arm (data not shown) or both maternal and zygotic Arm (Figure 4d ), suppression of denticles by Tsh was always incomplete. Therefore, Tsh acts downstream of Wg and probably dTcf (but note that maternal dTcf products are still present in our experiment), but requires Arm products for the efficient production of naked cuticle.
Coincident Wg-dependent modulation of Tsh and Arm in the trunk segments
Arm/β-catenin are necessary for both cadherin-mediated cell-cell adhesion and for the transduction of Wg signalling involved in specifying cell fate. In wild-type embryos, endogenous Arm localises to adherens junctions of all cells, but also accumulates inside cells receiving Wg signal in both the cytoplasm and the nuclei [17] [18] [19] 25] . During stages 8-13, cytoplasmic Arm is detected in homologous parts of each segment, representing one of the earliest known responses to Wg signalling in the embryo (Figure 5b ; [17] [18] [19] 25] ). In later stages, Arm modulation becomes more complex and the Wg-dependent segmental modulation is more difficult to analyse because of the complex morphology of the embryo [19] .
The Tsh protein is detected initially in the cytoplasm soon after the blastoderm stage in a central region of the embryo. By stage 9, Tsh occupies the trunk segments and is modulated, being concentrated in the nuclei in homologous regions of each metamere (Figure 5a ,d,f; [35] ). The domains of high nuclear Tsh were found to coincide with high cytoplasmic localisation of Arm (Figures 5a-c) .
Lower levels of intracellular Arm and nuclear Tsh separated the stronger intracellular stripes. By stage 10, Tsh retained a segmentally modulated pattern in dorsal and lateral parts of each trunk segment, with high nuclear Tsh overlapping the En-positive cells (Figure 5d ), but in the most ventral parts became highly concentrated in the nuclei of all cells. Therefore, there is a correlation between high levels of Tsh and Arm inside the cells at stage 9 and the production of naked cuticle in wild-type embryos (green; Figure 5h ).
The segmental modulation of Arm preceded slightly that of Tsh, raising the possibility that Wg/Arm signalling catalyses the high concentration of Tsh within the nucleus, the transcriptional activity of tsh or both. In order to test whether Tsh levels depend on Wg signalling, Tsh expression was examined in loss-of-function and gain-offunction mutations of wg and arm (Figure 5e,g ). In stage 9 or 10 embryos that were zygotically mutant for wg (data not shown) or arm (Figure 5e ), Tsh was expressed at low levels in the nuclei throughout the trunk, and little or no segmental modulation was detectable. Upon ubiquitous expression of ArmS10c at 29°C in the ectoderm, Tsh protein was detectable at high levels in the nuclei throughout the trunk of the embryo (Figure 5g ) from stage 10 onwards.
In conclusion, arm function is required for the nuclear modulation of Tsh in the trunk segments during stages 9-10.
Tsh binds Arm in a complex
Our results could be explained by the hypothesis that tsh transcription is upregulated by Wg signalling, accounting for increased nuclear Tsh in Wg-receiving cells (Figure 5a-g ). Indeed, tsh mRNA at stages 8-9 was detected more strongly in Wg-receiving cells compared to non-Wg-receiving cells [32] . It has been shown, however, that a pulse of uniformly induced tsh mRNA before stage 10 under the control of a heat shock promoter (and therefore not under transcriptional control of Wg) is sufficient to rescue the tsh-null phenotype throughout most of the trunk [36] . This observation, and the finding that Tsh requires Arm for its action (Figure 4d ), indicates that
Figure 5
Tsh protein modulation depends on Arm during embryogenesis. To determine whether there was an interaction between the Tsh and Arm proteins, we tested for binding between Tsh and Arm in vivo and in vitro (Figure 6a,b) . First, we asked whether Tsh coimmunoprecipitates with Arm in embryos (Figure 6a ). Proteins were extracted from overnight or 0-1 h old (when Tsh is not expressed) wildtype embryos, and overnight embryos expressing ArmS10c under 69B-Gal4 control. Proteins were then immunoprecipitated with a monoclonal antibody that recognises an epitope in Arm that is missing in the ArmS10c protein (which lacks amino acids 34-87 of Arm; [26] ). These extracts and control lysates were tested for the presence of Tsh (Figure 6a, upper panel) or Arm (Figure 6a, lower panel) .
The Arm antibody recognises at least two phosphorylated forms of Arm [17, 18] , which migrated together under our electrophoresis conditions (Figure 6a, lower panel lanes  1-3) . From whole extracts, different forms of Tsh are detectable [35] , which migrate between 115-120 kDa (Figure 6a, lane 4) . In the coimmunoprecipitation experiment, only the faster migrating forms of Tsh were detected in the overnight wild-type embryos (Figure 6a,  lane 3) . Tsh did not coimmunoprecipitate with Arm from 0-1 h old wild-type embryos (Figure 6a, lane 2) , at which stage Tsh is not expressed. In the ArmS10c embryos, Arm did not coimmunoprecipitate Tsh (Figure 6a, lane 1) . We presume that ArmS10c has sequestered all or most of the available Tsh away from the wild-type forms of Arm as the immunoprecipitating anti-Arm antibody does not recognise the truncated ArmS10c protein [26] .
In order to test this idea and to ask if Tsh can coimmunoprecipitate Arm, we conducted immunoprecipitation experiments on proteins isolated from wild-type and ArmS10c embryos using affinity purified anti-Tsh antibody. The immunoprecipitates were probed with a mix of anti-Myc 9E10 (ArmS10c possesses a Myc epitope tag on its carboxy-terminal end [26] ) and anti-Arm N2 7A1 antibodies (Figure 6b, lanes 1-4) . In the case of wild-type embryos, Arm coimmunoprecipitated with Tsh ( Figure 6b , lane 2). In contrast to whole lysates from wild-type embryos (Figure 6b, lane 4) , a faster migrating band at 100 kDa was detected in ArmS10c embryos (Figure 6b,  lane 3) , the expected size of the Myc-tagged-ArmS10c [26] . As expected from the immunoprecipitation result with anti-Tsh antibody on ArmS10c embryos (Figure 6b , lane 1), the ArmS10c form was strongly detected (Figure 6b, lanes 2,3) . Together, these results show that ArmS10c, under 69B-Gal4 control, sequesters Tsh away from endogenous Arm. We conclude that Tsh binds to Arm in vivo and suggest that the formation of naked cuticle requires the association of Tsh with Arm ( Figure 1) .
As a second test, we asked whether a glutathione-S-transferase (GST)-Tsh fusion protein was able to interact in vitro with radiolabelled Arm (Figure 6c 
Discussion
Wg signalling acts through a defined linear pathway to regulate genes that are required in many different patterning processes [4, 5] . Wg acts as a morphogen (reviewed in [39] ) but cell-intrinsic influences are also acting on Wg output [21, 29, 30] . Here, we present a novel mechanism whereby the Tsh zinc finger protein binds Arm in order to modulate trunk-specific Wg output. This modulation acts at two levels. First, Tsh is only expressed in the trunk, and not the head or tail [34, 35] , to determine trunk rather than gnathal segment identity in collaboration with certain Hox proteins [32, 36] . Second, in each trunk segment, higher levels of Tsh are present in the nuclei of Wg-active cells than in non-active ones, in stage 9 embryos; high Tsh levels induce a Wg-like response (that is, naked cuticle, Figures 1f,5a-c) . As Tsh binds Arm ( Figure 6 ) and requires Arm for the naked cell-fate decision (Figure 4d ) during stages 8-10 (Figure 2) , our results argue that Tsh modulates Wg signal transmission within homologous parts of each trunk segment (Figure 7) . During normal development, Tsh protein is highly concentrated in the nuclei of stage 9 embryos in cells that are destined to make the naked cell-fate choice. This modulation depends on Wg and Arm function (Figure 5e,g ) and coincides with the Wg-dependent stabilisation of Arm in the cytoplasm (Figure 4a-c) . These observations indicate that high levels of nuclear Tsh and especially the stabilisation of intracellular Arm in the same cells are crucial for the patterning of naked cuticle. Complicating the issue of the relationship between Tsh and Wg function is that tsh is a putative target gene of Wg signalling in the intestine [40] and larval epidermis of the trunk. Röder et al. [32] have shown that tsh mRNA is modulated in stages 8-10 of embryogenesis, with high levels in cells where Wg is signalling and lower levels where it is not. The modulation of tsh mRNA may in part account for the modulation of the Tsh protein ( [35] ; Figure 5 ). The phenotype of tsh-null mutations can, however, be rescued by heat-shock-induced production of Tsh (which is independent of Wg-induced tsh transcription [36] ), showing that post-transcriptional modulation of tsh products is sufficient for normal Tsh function. Importantly, one set of epistasis tests shows that tsh lies downstream of Wg and Arm (Figure 4a -c) but in another Tsh lies upstream of Arm but still downstream of Wg (Figure 4c,d) . As Tsh binds Arm (Figure 6 ), these paradoxical results can be resolved by proposing that tsh is a target gene of Wg signalling but that the Tsh protein feeds back into the pathway to modulate it. Thus, at any particular stage, Wg may initiate a program of development by modulating target genes such as tsh. As Tsh can feed back by binding Arm (Figure 6 ) and can autoregulate itself [36] , the continual requirement for Wg for tsh regulation may be bypassed during later development, with Wg free to carry out other regulatory programs.
Consistent with the idea of Tsh feeding back to modulate Arm activity is the finding that Wg activity changes with time in the embryo and in other tissues such as the developing leg [27] , indicating that competence to respond to Wg depends on cell context. Loss of tsh function during embryogenesis does not remove all of the naked cuticle (Figure 1d ), a phenotype similar to the late loss of Wg signal [11, 12] , indicating that Tsh only acts in the later phase of Wg signalling. Furthermore, we observe that loss
Figure 7
Trunk-specific modulation of Wg signalling by Tsh during development. Wg signals, via the pathway shown above (large parts have been omitted for clarity), increasing the cytoplasmic localisation of Arm (stabilising it in a complex with dTcf), in order to regulate en, wg and tsh in the trunk. Later, during the cell-specification phase of development, increased levels of Tsh associate with Arm to regulate wg (ventrally). As dTcf is required for all Wg signalling events, dTcf may also be present in the same complex as Arm and Tsh. The broken arrow indicates the origin of Tsh from earlier Wg-dependent, tsh transcription.
Late: Wg
Arm-dTcf(?)-Tsh wg (ventral), tsh
Early: Wg Arm-dTcf en, wg, tsh of tsh fails to maintain wg transcription from stage 11 onwards. Thus, wg regulation relies on the presence of Tsh (Figure 3d-f ) and Wg signalling [11] in specific ventral cells of the trunk. On the other hand, Wg acts before stage 11 (during the stabilisation phase [11, 12, 14] ), earlier than Tsh (Figure 3a-c; see below) , in order to maintain the transcription of en. Therefore, our results show that ectopic En expression is not essential for the production of the naked cuticular fate, as has been shown for mutations in certain components of the Wg pathway [10, 26] .
As Wg acts in Tsh-negative cells in the head or tail segments, Tsh is therefore a dispensable component of the Wg signalling pathway, acting rather as a trunk-specific modulator of Wg output. It is striking that all components of the Wg signalling cascade (including Tsh) have Wg-independent functions: Dishevelled mediates cell polarity and repression of Notch [41] ; Shaggy/Zeste-white 3 mediates Notch signalling [42] ; and Arm mediates cell adhesion [25] . Although the phenotype of mutations lacking zygotic dTcf is known, a Wg-independent action of dTcf has not yet been excluded due to the presence of maternally produced dTcf in embryos [20, 22] . Tsh and other Wg-cascade components therefore have dual roles in segmental patterning. Tsh acts in the trunk: first, for Hox protein activity and, second, for modulation of Wg signalling activity ( Figure 7) , with both functions occurring during the late cell-specification phase of embryogenesis.
Arm also interacts directly with dTcf [20] [21] [22] , as do the analogous proteins β-catenin and Tcf/Lef in vertebrates [23, 24] . It has been proposed that Arm-dTcf complexes regulate the transcriptional activities of downstream targets [21, 22] . A similar role for Tsh-Arm complexes could be proposed as Tsh associates with cytoplasmic Arm (Figure 6b ). Another mechanism proposes that Arm acts as a cytoplasmic to nuclear transporter [43] ; Arm has structural homology to importin proteins which are required for cytoplasmic to nuclear transport of proteins containing nuclear localisation signals. In this context, it is relevant that nuclear transport of the homeodomain protein Extradenticle seems to depend on the action of Wg in some cells [44] . Consequently, the hypothesis that Arm may catalyse the transport of Tsh or dTcf to the nucleus, upon Wg signalling, has not been excluded.
What are the mechanisms that govern the output of Wg signalling activity? The concentration of Wg seems to be critical, showing that Wg acts as a morphogen [27, 39] . Thus, high concentrations of Wg close to its source induce one set of target gene activities, and lower ones further away induce the expression of novel but overlapping sets of targets. Cell context also seems critical. Other signalling pathways may inhibit, or co-operate with, Wg perhaps by acting on the same target genes [21, 29, 30] 
Conclusions
Our data indicate that Tsh is critical for the output of the Wg signalling pathway. As Tsh binds Arm and requires Arm for function in a dose-dependent fashion, we conclude that Tsh acts at two levels for the modulation of Arm activity: first, to regulate the Wg response in homologous sets of cells in each segment during the cell-specification phase of embryogenesis and, second, for trunk-specific, rather than head, output in combination with certain Hox proteins. Cell-intrinsic factors may be used in different tissues to modulate the activity of the downstream components of the Wg signalling pathway in order to specify signalling output.
Materials and methods
Fly strains
The fly strains included arm XM19 , a Wg-signalling minus but cell-adhesion plus allele; arm YD35 , a null allele [17] ; wg CX4 and tsh 8 , which are null alleles [34, 46] ; and dTcf 3 , a strong hypomorphic mutation [22] . UAS-Tsh13 (chromosome 3) and UAS-Tsh20 (chromosome 2) are two independent transgenic lines carrying full-length tsh cDNA cloned downstream of Gal4 binding sites [38] . These lines were combined with tsh 8 in the same stock. Tsh was expressed ectopically in embryos under the control of the Gal4 drivers 69B-Gal4 (expressed ubiquitously in the epidermis) or HS-Gal4 [25, 35] . UAS-ArmS10c [26] carries a deletion of amino acids 34-87 of the Arm protein.
Other stocks [46] were obtained from the Bloomington stock centre at Indiana University. For relevant antibody stainings or in situ mRNA detection, balancer chromosomes were employed that carried lacZ marker genes (CyO-wg-lacZ for chromosome 2 and FM7-ftz-lacZ for the X), to distinguish the correct genotypes.
Timing of ectopic expression of Wg, ArmS10c and Tsh
Wild-type (control), UAS-Wg, UAS-ArmS10c or UAS-Tsh flies were crossed to HS-Gal4 homozygotes. Eggs were collected over 30 min periods. Different batches were heat shocked at 36°C for 30 min at 3, 4, 4.5, 5, 7 or 9 h time periods at 25°C following the end of egg laying. The stage of embryogenesis of the embryos was verified visually before heat shock; embryos that were not at the correct stage were removed. The numbers of larvae with naked or near naked cuticles were scored and expressed as a percentage of the total number that differentiated.
Genetic epistasis experiments
Constitutive Wg/Arm signalling was produced in embryos with different doses of tsh. ArmS10c was expressed under the control of 69B-Gal4 in the presence or absence of the tsh 8 null allele at 29°C. Under these conditions, with two copies of the tsh + allele, all cuticles were naked. Females that were y w; UAS-ArmS10c tsh 8 
Detection of wg transcripts in situ and immunostaining of embryos
Detection of mRNA was performed as described [32] . Polyclonal antisera directed to the Tsh protein were raised to a His 6 -tagged-Tsh (lacking the first five amino-terminal amino acids) fusion protein in bacteria (vector PET15b; Novagene). Fusion proteins were purified on Nickel-NTA (Qiagen) columns and injected into rats. Sera were tested after three boosting injections. Affinity purified Tsh antibody was produced as described [47] . Arm N2 7A1 monoclonal antibody (Developmental Studies Hybridoma Bank; DSHB [17] ) recognises an epitope in the amino-terminal part of the Arm protein [26] . Anti-Engrailed antibody was obtained from DSHB. Anti-Myc tag (9E10, mouse) monoclonal antibody is from Santa Cruz Biotechnology. Immunodetection of En, Arm and Tsh in fixed embryos of different genotypes (see text) was performed using fluorescent FITC or TRITC-coupled secondary antibodies (Jackson Laboratories). Secondary anti-mouse and anti-rat peroxidases were from Vector Labs and Jackson Laboratories, respectively.
Binding studies and coimmunoprecipitation
Proteins were extracted from 0-1 h old and overnight wild-type embryos, and from overnight embryos expressing UAS-ArmS10c under the control of the 69B-Gal4 driver at 29°C. Embryos (in a volume of 100 µl) were dechorionated and washed extensively in lysis buffer (50 mM Hepes pH 7.6, 150 mM NaCl, 2.5 mM MgCl 2 , 10% glycerol, 0.5 mM DTT, 1.5% Triton). Washed embryos were dounce homogenised in 500 µl lysis buffer with anti-proteases (PMSF 20 µg/ml, antipain 20 µg/ml, pepstatin 0.5 µg/ml, benzamidine 0.5 µg/ml) and phosphatase inhibitors (NaF, β-glyceraldehyde, orthovanadate) and then spun at 12000 g for 10 min at 4°C. The supernatant was collected and precleared on protein-A-sepharose (CL-4B A-sepharose; Pharmacia) in the case of anti-Arm N2 7A1 immunoprecipitation, or protein G in the case of anti-Tsh immunoprecipitation, for 30 min at 4°C with rocking. Beads were pelleted in a microfuge for 10 sec (as a control for non-specific binding of proteins A or G, the pelleted beads were tested for the presence of Tsh or Arm by SDS-PAGE), and the supernatant transferred to a fresh tube and supplemented with N2 7A1 monoclonal anti-Arm antibody at 1:200 final dilution (or affinity purified anti-Tsh antibody at a 1:100 dilution) and then rocked at 4°C for 1 h. Protein-A-sepharose (for the Arm immunoprecipitates) or protein-G-sepharose (for the Tsh immunoprecipitates) was added and the samples rocked for 2 h at 4°C. Beads were pelleted as before and washed once with lysis buffer and once each with washing buffer I (lysis buffer but Triton 0.1%), buffer II (lysis buffer without glycerol, Triton 0.1% and 0.5 M NaCl), buffer III (lysis buffer without glycerol and Triton). Beads were pelleted and resuspended in 2× Laemli buffer before running on SDS-PAGE gels (7.5%) and immunoblotting. Anti-Tsh, anti-Arm (N2 7A1) or a mix of anti-Arm (N2 7A1) and anti-Myc (mouse) antibodies were used to test for the presence of proteins using ECL technology (Boehringer or Pierce).
GST, GST-Modulo and GST-Tsh [34] fusion proteins were isolated from Escherichia coli lysates (strain BL21, Novagen) using standard protocols. For GST-Tsh, the production of full-length protein was favoured by a short 1 h induction; between 40-50% of total Tsh protein was full length under these conditions. Resin-bound GST fusions were pelleted, washed in lysis buffer (PBS, 1 mM DTT, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml pepstatin, 10 µg/ml antipain, 1 mM PMSF) and resuspended in binding buffer (20 mM HEPES pH 7.4, 110 mM KOAc, 5 mM NaOAc, 2.5 mM Mg(OAc) 2 , 0.05% NP40, 1 mM DTT, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml pepstatin, 10 µg/ml antipain, 1 mM PMSF). 35 S-labelled Arm protein was synthesised using a coupled in vitro transcription and translation kit (Promega) using arm cDNA as template in the presence of protease inhibitors (see above Because Current Biology operates a 'Continuous Publication System' for Research Papers, this paper has been published on the internet before being printed. The paper can be accessed from http://biomednet.com/library/jcub -for further information, see the explanation on the contents page.
